Our goal is the improvement of the thermoelectric properties for FeSi 2 . We investigated the improvement of thermoelectric properties, that is, the increase of the power factor and the decrease in the thermal conductivity to add Ta 2 O 5 . The thermal conductivity of specimens with 1 mass% and 3 mass% of additive decreased to half in comparison with the sample without additive, because phonon scattering was enhanced as a result of an increase in the number of pores in the samples by the influence of Ta 2 O 5 . The figure of merit for sample with 1 mass% and 3 mass% of additive were higher than that for the sample without additive. The highest performance of the sample with 1 mass% of additive was 2:5 Â 10 À4 K À1 $ 2:8 Â 10 À4 K À1 around 700 K and its dimensionless figure of merit was 0.2 at 700 K.
Introduction
A modern-day energy problem is the lack of fossil fuels and various environmental issues. Such as the greenhouse effect due to the burning of fossil fuels, which generates CO 2 and NOx. Therefore, the development of a production system for environment-friendly energy is important. Highly successful studies have been carried out on using thermoelectric power, where thermal energy is converted into electric energy directly using temperature differences.
The performance of thermoelectric materials is evaluated as using Z ¼ 2 =. Z indicates the figure of merit, the Seebeck coefficient, the electrical resistivity and the thermal conductivity. 1) ZT is another parameter used to evaluate the efficiency since the temperatures at which the thermoelectric material is to be used should be considered. At present, Bi 2 Te 3 , PbTe and SiGe are popular thermoelectric materials. However, they have the demerits that their raw materials are expensive and toxic. Consequently, it is important to develop other inexpensive and eco-friendly thermoelectric materials.
Our goal is the improvement of the thermoelectric properties of n-type FeSi 2 such as (Fe 0:95 Co 0:05 )Si 2 . FeSi 2 is a cheap and eco-friendly resource but has comparatively high thermal conductivity.
In previos studies, trivalent elements such as La 2 O 3 and Y 2 O 3 , and quadrivalent elements such as TiO 2 and LaSrMnO 3 (LSMO) were added to n-type FeSi 2 to improve the performance. [2] [3] [4] [5] Electrical resistivity was decreased with oxide addition in comparison with the sample without oxide. However, no substantial improvement of performance has been shown. The maximum Z was 2:5 Â 10 À4 K À1 at 700 K for the LSMO-added sample.
We investigated the improvement of the thermoelectric properties, that is, the increase of the power factor by decreasing the electrical resistivity and the decrease in the thermal conductivity, upon adding the quinquevalent Ta 2 O 5 .
Experimental
The starting material was made by melting Fe, Si and Co powders. These powders were mixed by ball-milling for 24 hours in air to form a composition of n-type FeSi 2 such as (Fe 0:95 Co 0:05 )Si 2 .
2) The ingot of the starting material was pulverized to a particle size smaller than 20 mm. The milled powder of n-type FeSi 2 was mixed with Ta 2 O 5 by ballmilling for 24 hours in air, then 10% polyvinyl alcohol was added to the mixture at a rate of 0.2 cc per gram. The ballmilled powder was molded at 153 MPa in a 10 mm' die, and pressure was applied at 255 MPa by the CIP technique.
The molded sample was calcined at 670 K for 5 hours in air unit, calcined at 1463 K for 2 hours in a vacuum, and then heat-treated at 1033 K for 12 hours in a vacuum.
The thermoelectric properties were measured by the fourprobe method to obtain the Seebeck coefficient and electrical resistivity, and thermal conductivity was calculated from the specific heat, thermal diffusivity and density measured by the laser flash method. The thermal conductivity was evaluated as, ¼ D Â C p Â d, where indicates the thermal conductivity, D the thermal diffusivity, C p the specific heat, and d the density.
Furthermore, the phase constitution was confirmed from X-ray diffraction patterns. The microstructures of the surfaces of each sample were observed using a scanning electron microscope (SEM), and transmission electron microscope (TEM). Electron probe microanalysis (EPMA) was used for the analysis of the elemental distribution.
Results and Discussion

Thermoelectric properties
The Seebeck coefficient was the highest (À234 mV/K at 873 K) for the sample without additive (denoted as standard), as shown in Fig. 1 . When the quantity of Ta 2 O 5 increased, the Seebeck coefficient decreased. It was slightly decreased in the sample with 1 mass% and 3 mass% Ta 2 O 5 in comparison with the standard, and it was À210 mV/K at 821 K. In the 10-mass%-Ta 2 O 5 sample, the Seebeck coefficient was severely decreased to À166 mV/K at 828 K. The results suggest that the decrease is due to the oxide additive.
The electrical resistivity was the lowest for the standard sample (4:53 Â 10 À5 Ám, 873 K) in Fig. 2 . When the quantity of Ta 2 O 5 was increased, the electrical resistivity increased. Thus, the quinquevalent Ta 2 O 5 addition could not decrease the electrical resistivity of -FeSi 2 . This suggests that the cause is a decrease in the density of the sample when the quantity of additive was increased. Figure 3 indicates that the power factor was the highest for the standard sample. When the quantity of Ta 2 O 5 increased, the power factor decreased. It was found that the Seebeck coefficient decreased and electrical resistivity increased when the quantity of Ta 2 O 5 increased.
The thermal conductivities of the sample with 1 mass%, 3 mass%, and 10 mass% Ta 2 O 5 decreased in comparison with that of the standard sample, as shown in Fig. 4 . Phonon scattering was enhanced by the increase in the number of pores in the samples resulting from the influence of Ta 2 O 5 , and the thermal conductivity was decreased. In particular, the thermal conductivities of the 1-mass%-and 3-mass%-Ta 2 O 5 samples decreased to half in comparison with the standard sample. For the 1-mass%-Ta 2 O 5 sample, it was 3.2 W/mÁK at 790 K, and 2.8 W/mÁK at 647 K for the 3-mass%-Ta 2 O 5 sample, indicating that the thermal conductivity of FeSi 2 with an small amount of additive such as 1 mass% or 3 mass% remains constant at about 3 W/mÁK.
The figure of merit, shown in Fig. 5 , is higher for the 1-mass%-and 3-mass%-Ta 2 O 5 samples than for the standard sample. It was found that the power factor decreased, the thermal conductivity decreased by half, and the figure of merit increased in comparison with that of the standard sample. The highest figure of merit was that of the 1-mass%-Ta 2 O 5 sample, 2:45 Â 10 À4 $ 2:78 Â 10 À4 K À1 around 700 K.
Structural analysis
The density of n-type FeSi 2 with oxide is shown in Table 1 . The density decreased with increasing amount of additive. It is thought that the degree of sintering was reduced with the presence of the additive and the number of pores increased in the sample. Therefore, the electrical resistivity increased and the thermal conductivity decreased. XRD analysis (Fig. 6 ), confirmed that all samples were mostly composed of the -FeSi 2 phase and the "-FeSi phase.
6) The Ta 2 O 5 peak was not observed. Furthermore, when the quantity of Ta 2 O 5 increased, the intensities of TaSi 2 and "-FeSi phase peaks were strong. It is considered that TaSi 2 was formed by the reaction of Ta with Si depending on the amount of additive. Therefore, it is thought that the amount of the "-FeSi phase increases when the quantity of addition increases. As a result, the Seebeck coefficient decreases.
SEM analysis revealed that grain growth was restrained because pore size and quantity increased, when the quantity of Ta 2 O 5 was increased, as shown in Fig. 7 . In addition, impurities, which were Ta 2 O 5 or TaSi 2 , were confirmed in the grain boundary and pores. It was suggested that electrical resistivity increased and thermal conductivity decreased because the impurity crystals act as scattering centers.
EPMA (Fig. 8 ) analysis and TEM (Fig. 9 ) analysis showed that Ta was uniformly dispersed in the samples. It was confirmed that TaSi 2 was generated from Ta and Si that existed in the same area. On the other hand, the presence of Ta-oxide was confirmed by TEM analysis; thus it is considered that as the additive quantity increases, some oxide remains. The grain size of TaSi 2 or Ta 2 O 5 in a sample was a maximum of about 1 mm. It is thought that thermal conductivity changed depending on the size of the dispersed phase in a sample. A small size of the dispersed phase may cause the enhancement of phonon scattering.
Conclusion
The thermal conductivity of specimens with 1 mass% and 3 mass% of additive decreased by half in comparison with the standard sample. We found that the presence of Ta 2 O 5 and 
Improvement of Thermoelectric Properties of -FeSi
2 by the Addition of Ta 2 O 5 2103
